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Abstract. Classification of voice signals in a time domain for detecting
some disturbances can be made through mining unique episodes in tem-
poral information systems. In ideal case, a voice signal is periodic and
signal shapes in each period are the same. In case of larynx diseases, some
disturbances in a voice signal can be distinguished. Selected time win-
dows (sequences of signal samples) of a voice signal constitute a temporal
information system. Appearing unique episodes in such a system can in-
dicate disturbances in the signal. In the paper, we show the methodology,
based on a rough set approach, of mining unique episodes in temporal
information systems as well as its application for classification of voice
signals.
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1 Introduction

Temporal data mining is an important issue in computer science research (cf.
[4]). There exists a huge literature concerning this topic. One of the frequently
examined problems is mining episodes defined as partially ordered sets of events
for consecutive and fixed-time intervals in sequences. Most of studies consider
analyzing simple or complex sequences to find frequent episodes (cf. [2], [3]), i.e.,
collections of events occurring frequently together. In our research, we consider
a slightly different problem. We assume that a set of episodes of the same length
is given. Our task is to find episodes which, in some sense (i.e., according to a
given criterion), clash with other episodes in the set. In our case, the criterion is
the so-called consistency factor defined in terms of rough sets.

In the paper, classification of voice signals in a time domain is considered.
A voice signal can be treated as a time series, i.e., a sequence of signal samples.
The main idea of the proposed approach is based on recognition of temporal
patterns and their replications in the fragment of a voice signal being examined



(cf. [15], [16]). It allows detecting all non-natural disturbances in articulation of
selected phonemes by patients. Preliminary observations showed that significant
replication disturbances in time appear for patients with the clinical diagnosis
of disease.

In [15], [16], there have been used neural networks with the capability of ex-
tracting the phoneme articulation pattern for a given patient (articulation is an
individual patient feature) and the capability of assessment of its replication in
the whole examined signal. In this case, the process consists of two stages: train-
ing and testing a neural network. The approach similar to the cross-validation
strategy is used. One time window is taken for training the neural network and
the remaining ones for testing the neural network. The network learns a selected
time window. If the remaining windows are similar to the selected one in terms
of the time patterns, then for such windows an error generated by the network
in a testing stage is small. If significant replication disturbances in time appear
for patients having some problems with the voice organ, then an error generated
by the network is greater. In this case, the time pattern is not preserved in the
whole signal. Therefore, the error generated by the network reflects non-natural
disturbances in the patient phonation.

In this paper, instead of neural networks, the technique, based on a rough
set approach, of mining unique episodes in temporal information systems is pro-
posed. As distinct from the approach based on neural networks, there is only
one step in the proposed approach. This step consists of mining unique episodes.
If episodes representing selected time windows of a voice signal of a given pa-
tient are similar (there is a lack of non-natural disturbances), then a special
coefficient, called a consistency factor, calculated for these episodes is close to
1. If significant replication disturbances in time appear for patients with the
larynx disease, then some episodes with consistency factors deviating from 1 are
identified.

To represent time windows of voice signals, we use temporal information
systems, i.e., information systems whose rows (objects) are ordered in time.
The temporal information systems may lead us to dynamic information systems
proposed by Z. Suraj (see [14]). The dynamic information systems represent the
knowledge of states of systems and transitions between states. The transitions
between states were described by binary transition relations. In this paper, we
use a notion of multistage dynamic information systems proposed in [7]. These
systems enable us to represent multistage transitions among states (observed
sequences of states, also called episodes). Transitions among states are described
by polyadic transition relations. The multistage decision transition systems are
used to represent such relations. To transform a given temporal information
system into the multistage decision transition system we select a set of time
windows. Each time window includes consecutive states constituting a cohesive
part of the temporal information system.

Sequences of temporal consecutive states are called episodes. In the proposed
application, we take into consideration the so-called unique episodes. A unique
episode is defined as an episode which is weakly consistent with the knowledge



extracted from the remaining episodes included in the system. The presented
approach for mining unique episodes is based on extensions of multistage deci-
sion transition systems (see [7], [9]). Such extensions have been used in an ant
based clustering of time series discrete data (see [11]). A consistent extension of
a given multistage decision transition system consists of new transitions among
states, which are totally consistent or consistent only to a certain degree (par-
tially consistent) with the knowledge included in the original multistage decision
transition system. The degree of consistency can be between 0 and 1, 0 for the to-
tal inconsistency and 1 for the total consistency. We assume that the knowledge
included in multistage decision transition systems is expressed by transition rules
(see [10]), which are minimal decision rules understood from the rough set point
of view. To calculate the degree of consistency we use an approach presented in
[9]. That approach originates from the efficient algorithm given in [5] enabling
us to determine which transitions (episodes) in the original multistage decision
transition system generate transition rules not satisfied by the tested episode
from the extension. It is worth noting that we do not calculate any transition
rules in a multistage decision transition system. This is an important property
from the point of view of computational complexity.

2 Basic Notions

Information systems are used to represent some knowledge of elements of a
universe of discourse. An information system is a pair S = (U, A), where U is
a nonempty, finite set of objects, A is a nonempty, finite set of attributes, i.e.,
a:U — V, for a € A, where V, is called a value set of a. A decision system is
a pair S = (U, A), where A =CUD,CND =1, and C is a set of condition
attributes, D is a set of decision attributes. Any information (decision) system
can be represented as a data table whose columns are labeled with attributes,
rows are labeled with objects, and entries of the table are attribute values.

Let S = (U, A) be an information system. Each subset B C A of attributes de-
termines an equivalence relation on U, called an indiscernibility relation Ind(B),
defined as Ind(B) = {(u,v) €e U x U : VB a(u) = a(v)}. The equivalence class

ac

containing u € U will be denoted by [u]p.

Let X C U and B C A. The B-lower approrimation BX of X and the B-
upper approzimation BX of X are defined as BX = {u € U : [u]g C X} and
BX ={uecU:[upnX # 0}, respectively.

A temporal information system is a kind of an information system S = (U, A),
with a set U of objects ordered in time, i.e., U = {u; : t = 1,2,...,n}, where
u; is the object observed at time instant ¢. By a time window on S of the
length A in a point 7 we understand an information system S’ = (U’, A’), where
U ={ur,Urs1,.- s Urer-1}, 1 <7, 7+A—1 < n,and A’ is a set of all attributes
from A defined with value sets restricted to those for objects from U’. The length
A of §' is defined as A = card(U’). In the sequel, the set A’ of all attributes in
any time window S’ = (U’, A’) of S = (U, A) will be marked, for simplicity, with
the same letter A like in S.



Ezample 1. Let us consider a simple temporal information system with two at-
tributes marked with a and b. Seven objects (global states) are collected in Table
1. Formally, we have a temporal information system S = (U, A), for which:

— a set of objects (global states) U = {uy,us,...,ur},
— a set of attributes A = {a, b},
— sets of attribute values: V,, = {-1,1}, V, = {-1,0,1}.

Table 1. A temporal information system S

U/ Alla]b]

(5} -1]-1
u -1]-1
us 1|1
U4 1/-1
us 111
Ue 7??
ur 110

3 Methodology

In [14], dynamic information systems have been proposed for a description of con-
current systems. A dynamic information system additionally (in relation to in-
formation systems) includes information about transitions between global states
observed in a given concurrent system. In this section, we recall some crucial
notions concerning multistage decision transition systems and their extensions
(see [7], 9], [10], [14]).

A multistage transition system is a pair MT'S = (U, T'), where U is a nonempty
set of states and T C U* is a polyadic transition relation, where k > 2. A
multistage dynamic information system is a tuple MDIS = (U, A,T), where
S = (U,A) is an information system called the underlying system of MDIS,
U is called a set of global states of M DIS, and MTS = (U,T) is a multistage
transition system.

A multistage transition system is created on the basis of a temporal infor-
mation system according to Algorithm 1.

Ezxample 2. Let us take into consideration a temporal information system S
from Example 1. We can create a multistage transition system on the basis of S.
Assuming A = 3 (a number of consecutive objects from U taken for a polyadic
transition relation), after performing Algorithm 1, we obtain a multistage transi-
tion system MTS = (U, T), such that a set of global states U = {uy,us,...,ur},
and a polyadic transition relation

T= {(ulau27u3)7 (u27u37u4)7 (U37U4,U5), (U4,U5, uﬁ)a (’U,5, Uﬁ,U’?)}-



Algorithm 1: Algorithm for creating a multistage transition system on
the basis of a temporal information system.

Input : A temporal information system S = (U, A), where
U={us:t=1,2,...,n}, A - a number of consecutive objects from U
taken for a polyadic transition relation.

Output: A multistage transition system MTS = (U, T) corresponding to S.

T « 0;

for eacht=1...n—A+1do

Get a sequence Ur, Ur+1,...,Ur+r—1 Of consecutive objects from U;
T<—TU (u77u7+17 .. ~7UT+>\71)§
end

Create MTS = (U,T);

Let MDIS = (U, A, T) be a multistage dynamic information system, where
T C U*. Each element (u!,u?,...,u*) € T, where u',u?,...,u* € U, is called
an episode in M DIS.

Let MTS = (U,T) be a multistage transition system. A multistage decision
transition system is a pair MDTS = (Up, AL UA?U. ..U A¥), where each t € Ur
corresponds exactly to one element of the polyadic transition relation T" whereas
attributes from the set A determine global states of the i-th domain of T, where
1=1,2,..., k. Each object in a multistage decision transition system represents
one episode in a given multistage dynamic information system M DIS.

Ezxample 3. Let us take into consideration a temporal information system S from
Example 1. For the system S, we can create five time windows of length 3. All
sequences of objects in time windows define a polyadic transition relation T (see
Example 2). On the basis of T, we define a multistage decision transition system
M DTS shown in Table 2. We have five episodes t1, to, t3, t4, and t5. We can
say that attributes from the set A = {a',b'} determine global states at time
instant 7, attributes from the set A% = {a?,b?} determine global states at time
instant 7 + 1 and attributes from the set A3 = {a3,b®} determine global states
at time instant 7 + 2.

Table 2. A multistage decision transition system M DTS

[Ur/A AU A P [T

t1 -1]-1{|-1|-1jj 1|1
2 111111
t3 11| 1]-1}-1|1
ta 1|-1|[-1{1}-1]0
ts -1{1{-1/0]l1|0

For a given multistage decision transition system, we can consider its ele-
mentary decision transition subsystems defined as follows.



An elementary decision transition subsystem of a multistage decision transi-
tion system M DTS = (Up, A U A2U...U AF) is a decision transition system
DTS(i,i+ 1) = (Ur, A* U A™1), where: i € {1,....,k — 1}.

Ezxzample 4. Let us take into consideration a multistage decision transition sys-
tem M DTS from Example 3. For M DTS, we obtain two elementary decision
transition subsystems DT'S(1,2) and DT'S(2,3) shown in Table 3.

Table 3. Elementary decision transition subsystems: (a) DT'S(1,2) and (b) DT'S(2, 3)

[Ur/AT U A?[a" b [a®[6%]  [Ur/A% U A%[[a”]b°]la’[b°]

t1 -1}-1}-1]-1 t1 -1]-1)1 1|1
a) t2 -1-1 11 b) 12 1]1{/1}-1
t3 1]11}-1 t3 1]-1{|-1|1
ta 1]-1|]-1j1 ta -1{14-1|0
ts -1114-1]|0 ts -1{04/1|0

Any nontrivial extension of a given multistage decision transition system
MDTS = (Ur, A U A2U ... U A*) includes episodes existing in M DTS as well
as new ones added to M DT'S.

Let DTS(i,i + 1) = (U, A" U A1) be the elementary decision transition
subsystem. For each attribute a € A* and the new episode t*, we can transform
DTS(i,i+1) into the system with irrelevant values of attributes. If a(t*) # a(?),
where t € Ur, then we replace a(t) by the value * (denoting an irrelevant value).
This means that we create a new system for which appropriate sets of attribute
values are extended by the value *. The transformed system can be treated
as an incomplete system. Therefore, instead of an indiscernibility relation and
equivalence classes, we use a characteristic relation and characteristic sets (cf.
[1]). For the transformed elementary decision transition subsystem DTS(i,i +
1) = (Ur, A"UA™ 1) we define a characteristic relation R(A?). R(A?) is a binary
relation on Ur defined as follows:

ROAY) = ((00) € U3+ | 3 a0 25| A | ¥ () =+ val) =ate)]). ()

For each episode t* from the extension of M DTS, we define a consistency
factor of t* (see [8], [9]). The consistency factor £y prs(t*) of the episode ¢* with
the knowledge included in M DTS is calculated as:

o [ cardl U U {AXE ALK A0 Aa(t?) # va))
* a€AItTL v €V,
gMDTS(t ) - z:l—[1 1= card(UT) ’ (2)

where

— XV ={t € Up:a(t) =v,},



— A'XVe ={t €Ur : Kpi(t) # 0N Ki(t) C Xt} is an A’-lower approxima-
tion of X2,
— Kui(t)={v € Ur : (t,v) € R(A)} is a characteristic set.

From the point of view of rough set theory, we have that a lower approxima-
tion consists of episodes for which values of global states described by attributes
from A (i.e., global states at time instant 7) uniquely define values of global
states described by attributes from A (i.e., global states at next time instant
7 4 1). It means that, for such episodes, we can define certain transition rules
(rules describing transitions between states), see [9]. If we add a new episode for
which A° defines the same values of a global state as for episodes belonging to
some lower approximation, but the next global state is different, then this new
episode does not satisfy a certain transition rule valid in a given multistage deci-
sion transition system M DT'S. We say that such a new episode is not consistent
with the knowledge included in M DT'S and expressed by transition rules. It can
be consistent only partially.

Ezample 5. Let us take into consideration an elementary decision transition sub-
system DT'S(1,2) from Example 4. Taking X}, = {t2,13}, we have A’X}, =
{t3}, where A! = {a',b'}, because:

— For the episode t3, Al describes the state a'(t) = 1 and b'(t) = 1, where
t € Ur, and this state uniquely defines the next state in which a?(¢) = 1.

— For the episodes t; and t2, A! describes the state a'(t) = —1 and b!(t) = —1,
where t € Up, and this state does not uniquely define the next state, i.e., for
the next state we have a(t) = —1 (for the episode t;) or a?(t) = 1 (for the
episode t3).

— Episodes t4 and t5 are out of interest, because, for these episodes, in the next
state a?(t) # 1.

Therefore, we have, for example, that:

— A transition rule IF a'(t) = 1 and b'(t) = 1, THEN a?(t) = 1 is a certain
rule in DT'S(1,2).

— A transition rule IF a'(t) = —1 and b'(¢) = —1, THEN a?(t) = 1 is not a
certain rule in DT'S(1,2).

Let us add a new episode shown in Table 5 to DT'S(1,2). The episode ¢t* does

Table 4. A new episode added to DT'S(1,2)

[Ur/A U A [ o' [T
I ENEY BR

not satisfy a rule IF a!(t) = 1 and b'(t) = 1, THEN a?(¢) = 1. It is not totally
consistent with the knowledge included in DT'S(1, 2).



Algorithm 2: Algorithm for mining unique episodes in a given multistage
decision transition system

Input : A multistage decision transition system
MDTS = (Ur, A* U A2 U...U AF), a threshold value 8 € [0, 1]
determining uniqueness of episodes in M DT'S.
Output: A set Tr C Ur of unique episodes in M DTS with respect to 6.
Yr — 0
for each t € Ur do
Create M DTS’ by removing t from Ur in M DT'S;
Compute &y prs(t) according to Formula 2;
if g]\lDTS’(t) S 6 then
| Yr «— YrUt;
end
end

On the basis of consistency factors calculated for episodes in a given mul-
tistage decision transition system, we can determine which episodes are unique
ones in the considered system.

Definition 1. Let MDTS = (Up, AY U A2 U ... U A¥) be a multistage decision
transition system, t € Up, MDTS' be a multistage decision transition system
emerged from M DTS by the removal of t, and 0 € [0,1] be a threshold value
determining uniqueness of t. The episode t is called a unique episode with respect
to 0 if and only if Eprprs (t) < 0.

The process of mining unique episodes may be automated, see Algorithm 2.

Ezample 6. Let us take into consideration the elementary decision transition
subsystems DTS(1,2) and DTS(2,3) from Example 4. M DTS’ is a multistage
decision transition system emerged from M DTS by the removal of the episode
t1. Analogously DT'S'(1,2) and DTS’(2,3) are elementary decision transition
subsystems emerged from DT'S(1,2) and DT'S(2, 3), respectively, by the removal
of t1. We transform DT'S’(1,2) and DT'S’(2, 3) into the systems DT'S”(1,2) and
DTS"(2,3), respectively, with irrelevant values of attributes (see Table 5).

Table 5. Elementary decision transition subsystems transformed into systems with
irrelevant values of attributes: (a) DT'S’(1,2) and (b) DTS'(2,3)

(o Nl 5 il o7 |l

to *Tx1T1 to 1]1]1]-1
a) ts 1[1][1]-1]b) ts 1[*[]-1]1
ta 1*(-1]1 ta *T1]]-1]0
ts *11]-1]0 ts *Toll1]0

We obtain the following non-empty lower approximations:



- Ailxclb'z = {t2};
- Ailelz == {t2,t4}a
- AizXa_?»l = {t3}7
A2X)s = {ta, t5},
— A2Xps = {ts}.

The remaining lower approximations, i.e.,

ALXGHANX AL AP X G, APX
are empty.

Let a threshold value 6§ determining uniqueness of the episodes be equal to 0.5.
Performing Algorithm 2, we have {prg(1,2)(t') = 0.5 and Eprgo,3)(t') = 0.25.
Finally, we have that a consistency factor of the episode t; with the knowledge
included in the multistage decision transition system M DTS’ is: £y prs: (tl) =
0.125. According to # = 0.5, we can say that the episode t; is unique in a
temporal information system S.

4 Classification of Voice Signals

The proposed approach can be used in classification of voice signals in the time
domain for diagnosis of larynx diseases. A voice signal can be treated as a time
series. The classification procedure is as follows. We divide the voice signal of an
examined patient into time windows corresponding to phonemes. Next, we select
randomly a number of time windows. Consecutive signal samples of selected time
windows can be presented in the tabular form as a multistage decision transition
system. This idea is depicted in Figure 1.

In Table 6, we give some example of such a multistage decision transition
system M DTS. Each row of M DTS corresponds to one time window. Each
time window consists of 100 signal samples. Values of signal samples are normal-
ized to the interval [—1.0,1.0]. Each time window can be treated as an episode.
M DTS includes information about five episodes (time windows). Each episode
is described by 100 attributes, a1, asg, ..., aipo- The attribute a;, where i =
1,2,...,100, determines the value of the i-th signal sample of a given time win-
dow. In this example, we have formally M DTS = (Ur, A UA%U...UAPUAL),
where UT = {tl,tg,t3,t4,t5},Al = {al}, A2 = {ag}, A3 = {ag}, veny A99 = {agg},
and AlOO = {aloo}.

Next, we transform each episode in M DTS into the so-called delta represen-
tation, i.e., values of samples have been replaced with differences between values
of current samples and values of previous samples. After transformation, each
episode is a sequence consisting of three values: -1 (denoting decreasing), 0 (de-
noting a lack of change), 1 (denoting increasing) (cf. [11]). This transformation
enables us to obtain a multistage decision transition system with discrete values.
For example, after the transformation of M DTS given in Table 6, we obtain a
new multistage decision transition system M DT'S* shown in Table 7.



Voice signal

4N

Time
windows
EpiSOdes 1.001.000.98...-0.08-0.11 0.940.940.95...-0.12-0.09 0.950.950.93...-0.11-0.12
Multistage Ur/Al a1 | a2 | a3 |.. Jam—1] am
i3 i 1 [[1.00[1.00]0.98].. [-0.08]-0.11
decision transition 7 ||0.04[0.94]0.95|. . |-0.12|-0.09
system T [[0.95[0.95[0.3]. |-0.11[0.12

Fig. 1. Creating a multistage decision transition system for a voice signal

Table 6. A multistage decision transition system M DTS representing selected time
windows of a voice signal

lUvT/A1 uAZu AU, uAP U AlOOH a1 ‘ a2 ‘ as ‘ . ‘ agg ‘a100 ‘
t1 1.00|1.00{0.98|...]-0.08|-0.11
to 0.94/0.94/0.95|. . .|-0.12|-0.09
t3 0.92]0.94(0.91]...|-0.14|-0.15
ta 0.95|0.95|0.93|...]-0.11{-0.12
ts 1.00/0.99]0.93|...]-0.13|-0.14

In the transformed multistage decision transition system M DT'S*, we search
for unique episodes using Algorithm 2. If time windows, into which a voice signal
is divided, are similar (there are no disturbances), then the unique episodes are
not present in M DT S*. If significant replication disturbances in time appear for
patients with the larynx disease, then time windows differ from each other and
unique episodes appear in M DTS*. Hence, the result of searching for unique
episodes is an indicator used to classify patient voice signals according to larynx
diseases.

In Table 8, we present selected results of experiments carried out using the
proposed approach. Data were collected by J. Warchol [18]. The results of search-
ing for unique episodes in voice signals of six patients (three from a control group
and three with confirmed pathology) are shown. A table includes values of con-
sistency factors of five episodes calculated for selected patients.



Table 7. A transformed multistage decision transition system M DTS*

lUT/A2 uUddu...U AwO“aglagl. . .lau)o‘

t1 0]-1{...| -1
t2 O|1(...] 1
t3 1]-1)...] -1
ty 01-1]...| -1
ts -1(-14...| -1

Table 8. Consistency factors of five episodes calculated for selected patients

lEpisode (time window) / Patient“ P [ D2 [ D3 [ D4 [ ps | pe ‘
t1 0.93(0.85(0.91/0.85|0.68|0.92
t2 0.85]0.97|0.91{0.87 |0.80|0.68
t3 0.89]0.92|0.85|0.62(0.76|0.94
ta 0.86{1.00{0.89/0.84 0.87|0.92
ts 0.85(0.94|0.83|0.87|0.82|0.83

Let a threshold value determining uniqueness of episodes # = 0.80. For pa-
tients p1, p2, and ps, there are no unique episodes. These patients belong to the
control group. For patient p4, one unique episode (time window t3) is detected.
For patient ps, three unique episodes (time windows t1, to, and t3) are detected.
For patient pg, one unique episode (time window t3) is detected. Patients py4, ps,
and pg had larynx disease confirmed by clinicians.

The presented methodology has been implemented in the LARDISS system
- a tool for computer aided diagnosis of laryngopathies [17]. The tool is created
for the Java platform.

5 Conclusions

In the paper, we have shown how to use multistage decision transition systems
and their extensions defined in [7] and [9] for mining unique episodes in temporal
information systems as well as how to apply the proposed approach for classi-
fication of voice signals in a time domain for detecting some disturbances. The
presented approach is based on algorithms with polynomial time complexity. In
the future we plan to propose a modified consistency factor to improve a quality
of classification of voice signals.
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